The diversity of synthetic pesticides has been reduced through regulation especially in the European Union leading to a resurgence of interest in natural plant products for pest control. Here we investigated two Asteraceae species, Tithonia diversifolia and Vernonia amygdalina that are used by farmers in Africa in bio rational pest control to determine the chemical basis of activity against pests of stored legumes and identify plant compounds with commercial potential. The cowpea beetle, Callosobruchus maculatus, an ubiquitous pest of African stored grain legumes, was exposed to extracts of both plant species at 10, 1 and 0.1% *Manuscript Click here to view linked References w/v and fractions of these extracts at representative concentrations. Extracts and fractions were toxic to recently emerged adults, but did not reduce oviposition by those females that survived. The sesquiterpene, Tagitinin A, was isolated from one of the active fractions and identified using H 1 and C 13 -NMR and shown also be toxic to C. maculatus and so partially explains the activity of the whole plant. Other compounds in the active fractions were identified, at least to structural class, using high resolution mass spectroscopy (HRESI-MS).
Abstract: The diversity of synthetic pesticides has been reduced through regulation especially in the European Union leading to a resurgence of interest in natural plant products for pest control. Here we investigated two Asteraceae species, Tithonia diversifolia and Vernonia amygdalina that are used by farmers in Africa in bio rational pest control to determine the chemical basis of activity against pests of stored legumes and identify plant compounds with commercial potential. The cowpea beetle, Callosobruchus maculatus, an ubiquitous pest of African stored grain legumes, was exposed to extracts of both plant species at 10, 1 and 0.1% w/v and fractions of these extracts at representative concentrations. Extracts and fractions were toxic to recently emerged adults, but did not reduce oviposition by those females that survived. The sesquiterpene, Tagitinin A, was isolated from one of the active fractions and identified using H1 and C13-NMR and shown also be toxic to C. maculatus and so partially explains the activity of the whole plant. Other compounds in the active fractions were identified, at least to structural class, using high resolution mass spectroscopy (HRESI-MS). Sequiterpenes and flavones were common to fractions from both plants.
Stigmostane steroidal saponins were the most abundant secondary metabolites in V. amygdalina.
Introduction
Legume seeds provide food, are sold for profit and used for sowing subsequent crops, so it is particularly essential for small holder farmers in developing countries to minimise insect damage during periods of seed storage (Sola et al. 2014) . Callosobruchus maculatus (L.) (Coleoptera: Bruchidae) is a significant pest of stored legumes throughout Africa (Abate and Ampofo 1996) , the Middle East, India and South America feeding on and contaminating the stored seeds (Tuda et al. 2006) , especially cowpea, Vigna unguiculata L. Walp (Ehlers and Hall 1997) . It is possible to control C. maculatus using synthetic pesticides e.g. (Hill 1983) but these are expensive and require specialist equipment and training to be safely and effectively applied (Matthews et al. 2014) . Synthetic pesticides can be toxic or have sublethal effects on the wider invertebrate community of beneficial insects, such as parasitoid wasps that can contribute to the control of bruchid pests (Van Alebeek 1996) . A cost-effective and environmentally benign way of protecting crops is to use extracts or powdered plant materials of locally available insecticidal plants, and there are a number of examples of these being successfully employed to kill insects and decrease crop losses (Hagemann et al. 1972; Stevenson et al. 2009; Mwine et al. 2011; Belmain et al. 2012; Stevenson et al. 2012; Amoabeng et al. 2013) . More recently, field trials testing Tithonia diversifolia (Hemsl.)
A.Gray (Asteraceae) and Vernonia amygdalina Delile (Asteraceae) against field pests of common beans (Phaseolus vulgaris L.) demonstrated that extracts were as effective at controlling pest insects as a synthetic pyrethroid (Mkenda et al. 2015a ). Extracts of T. diversifolia and V. amygdalina consist of a range of insecticidal compounds, especially volatile and non-volatile terpenoids (Ganjian et al. 1983; Ambrósio et al. 2008; Adeniyi et al. 2010; Madkour et al. 2013; Mkenda et al. 2015a) . Some data report that polyphenolic compounds in T. diversifolia extracts inhibit the glutathione-s-transferases of C. maculatus (Kolawole et al. 2011 ) and could explain the lethal effects of the plant extract. Determining the chemical basis of activity in pesticidal plants can inform methods for optimising their use and identify potential candidate compounds for commercialisation (Stevenson et al. 2016 ).
Furthermore, experimentation with the extraction process can alter the yield of compounds and alter efficacy. As part of continuing work on optimising the use pesticidal plants, here, we determine the plant chemistry underlying the biological activity of T. diversifolia and V.
amygdalina and discuss scope for improving application of these species for pest control in Africa. (11.48mg) and 77.4mg (7.74mg) of dried extract for V. amygdalina and T. diversifolia, respectively. Samples of dried extract were re-dissolved in methanol to 10% w/v equivalence for bioassay (11.48 and 7.74 mg mL -1 ) and further diluted to 1% (1.15 and 0.774 mg mL -1 ) and 0.1% (0.12 and 0.08 mg mL -1 ) to determine dose effects. Stock-solutions of 100mg mL -1 of dried extract in methanol were used for fractionation.
Methods

Preparation of extracts and fractions
Fractionation
An HPLC system consisting of a Waters 2695 separations module linked to a 2996 photodiodearray detector (PDAD) was used for fractionation of extracts. Aliquots of T. diversifolia extract (200µL) were injected onto a Phenomenex Luna RP18 column (300 × 10 mm, length × i.d.; 10µm particle size) and eluted at 4mL min -1 using a linear gradient of 40%A: 10%B: 50%C (t=0) to 90A: 10B: 0C (t=20-25min) returning to the starting conditions (t=27min), where A=methanol; B=1% formic acid in acetonitrile and C=HPLC-water. The fractionation of V. amygdalina used a shorter column (150mm) different initial conditions (A=30%; B=10%; C=60%) and a non-linear gradient (Waters, curve=7) to enhance the separation of compounds with similar retention times. The quantity of material injected and the proportion of each fraction in a 10% w/v extract was calculated. The fractions contributed from 0.17 (F2) to 0.50mg mL -1 (F4) (Vernonia) and from 0.08 (F3) to 0.49mg mL -1 (F1) Tithonia.
Experimental
Insects
Callosobruchus maculatus (Fabricius, 1775) were a wild Ghanaian strain, originally collected in 1995. They were housed in a temperature controlled room (28 ± 1°C, 55% RH) that was kept in permanent darkness. Adults laid eggs on cowpea seeds Vigna unguiculata and 24 to 28 days later the next generation of adults emerged from the beans. The insects used for bioassays were 3-5 days post-emergence.
Bioassay procedure
Fractions and residue were dissolved to concentrations representing their proportions in 10, 1 and 0.1% w/v extracts of each plant species. Aliquots (75 µL) of compounds, extracts, methanol (negative control) or rotenone (1000 and 100ppm, positive control) were evaporated onto vials (25mL, nominal capacity) under a stream of air and with constant rotation of the vial. Insects (N=5-12) were added to the vials, ensuring a ratio of at least 1:1 (male to female). 5 black eyed beans were added to each vial after 72h. After a further 72h mortality was recorded. The numbers of eggs laid on both the vials and the beans were counted and from these data the eggs laid per female were calculated. ANOVA followed by Tukey`s HSD post hoc test (95% C.I.) were used to compare the mortality and eggs laid among and between treatments at equivalent concentrations (XLSTAT version 2015.1.03.16409).
Analyses
LC-MS
Accurate mass measurements of compounds detected in the extracts were obtained using an LTQ Orbitrap XL, linear ion trap/orbitrap hybrid mass spectrometer (Thermo Scientific, San Jose, California USA) with an electrospray ionisation source (Ion Max, Thermo Scientific) coupled to an "Acella 1250" UPLCsystem (Thermo Scientific). Samples were injected onto a Phenomenex Luna C18(2) column (150 × 3mm i.d., 3µm particle size) at 400µL min -1 and eluted using a linear gradient of 90:0: 10 (t=0min) to 0:90:10 (t=20-25min), returning to 90:0:10 (t=27-30min). Solvents were water, methanol and 1% formic acid in acetonitrile, respectively. The column was maintained at 30ºC. Samples were scanned, using FTMS, from m/z 250-2000 in both positive and negative modes. Samples were first matched with those reported from T. diversifolia and V. amygdalina in the Combined Chemical Dictionary(CCD, 2017), by using the m/z to calculate putative molecular formulae. Where compounds could not be matched to compounds known from these two species the search was extended first to the generic level, then to the Asteraceae and finally to other sources.
NMR
NMR spectra were acquired in acetone-d 6 at 30 °C on a Bruker Avance 400 MHz instrument, with a 5 mm BBO probe. Standard pulse sequences and parameters were used to obtain onedimensional 1 H and 13 C spectra. A two-dimensional NOE spectrum was obtained in phasesensitive mode with HDO presaturation and a mixing time of 800 ms. The Bruker microprograms were used for COSY (90 degree flip pulse), HSQC (multiplicity-edited) and
HMBC (optimised to n J CH = 8 Hz) experiments, with appropriate adjustments in gradientselection mode. Chemical shifts were referenced to tetramethylsilane as the internal standard.
Results
Bioassays
Crude extracts of T. diversifolia and V. amygdalina were toxic to C. maculatus in a dose dependent manner, with T. diversifolia generally more toxic than V. amygdalina (Table 1) .
However, the crude extracts showed no significant effects on oviposition, even at the highest dose tested (Table 1 ; ANOVA, P > 0.05). All chemical fractions from both plant species were toxic in comparison to the untreated control. Many fractions showed comparably high mortality as that achieved with the standard, rotenone, particularly fractions 1, 2 and 5 from T. diversifolia and fractions 1, 2 and 4 from V. amygdalina (Table 1) . With respect to oviposition, fractions 2 and 5 from T. diversifolia were able to inhibit oviposition; however, none of the fractions from V. amygdalina were able to significantly reduce oviposition (Table   1) . (Figure 1 ). The NMR data were broadly in agreement with published data for tagitinin A in acetone-d 6 (Glaser et al. 2005) , and in CDCl 3 (García et al. 2006 ). In acetone-d 6 no evidence of isomerisation could be observed based on a additional 1D proton spectra after the acquisition of all the other spectra (1D 13 C and 2D). The complete signal assignment is presented in Table S2 .
Characterisation of compounds
Compounds were identified from other fractions of T. diversifolia and V amygdalina using accurate mass measurements (m/z) of major ions to calculate molecular formulae for compounds known from these or related species. Three classes of compounds were identified in fractions from T. diversifolia. Flavones: homohesperitin (F2) and hispidulin (F3) ( Figure   2 ); sequiterpene lactones: tagitinins A (F1 and F2) , B (F2), C (F3, 4 and 5), D (F3) and H (F5) (Figure 1 ) together with germacren-12,6-olides (F2 to F5) and a guiaiene-12,6-olide (F4) ( Table 2 ). Ten compounds were tentatively identified in fractions of V. amygdalina. These compounds included sesquiterpenes (11,13-dihydrovernodalin, F1) ( Figure 3) ; sesquiterpene lactones (vernodalinol and vernodalol, F1) ( Figure 3) ; flavones (cynaroside, F1 and F3; luteolin hexuronide, F1; luteolin and luteolin methyl ether, F2; homohesperitin 7-rutinoside, F5) ( Figure 2 ) and a dimethyl, dihexosyl ester of caffeic acid (F1) (Figure 4 ; Table 2 ). Due to the structural similarity between many of the remaining compounds in F3 to F5 they were categorized into structural classes, such as vernoniosides (F3 to F5) and less polar vernocuminosides/vernoamyosides (F4 and F5) ( Figure 5 ; Table 2 ).
Discussion
The data presented here showed that extracts of T. diversifolia and V. amygdalina were toxic to C. maculatus, and that this activity was at least in part explained by sesquiterpene lactones Furthermore, there is evidence that extracts are useful as antimicrobials (Erasto et al. 2006; Orsomando et al. 2016) and are toxic to parasitic protozoa (de Toledo et al. 2014; Abay et al. 2015) which would make them more useful to rural communities, particularly as they are easily cultivated. T. diversifolia is a globally invasive weed (Yang et al. 2012 ) and a particular problem in Africa (Henderson 2007) where its collection and use as a pesticide could help reduce its environmental impacts. Alternatively, flowering field margin plants can be important for providing food and refuge for beneficial insects (Mkenda et al. 2015b; Gurr et al. 2017) , and pesticidal plants grown in field margins could support ecosystem services of natural enemies and pollinators.
Conclusion
Along with evidence from earlier published work (Ambrósio et al. 2008; Mkenda et al. 2015b, b) , we conclude that the biological activity of the sesquiterpene tagitinin A presents a potential target molecule for commercialisation (Dutta et al. 1986 ) However, the non-target toxicity of this compound must not be overlooked, where further research is required to ensure safety (Passoni et al. 2013) . Pesticidal plants can vary in their efficacy due to genetic or environmental differences Stevenson et al. 2012) . A combination of chemotyping plants together with laboratory and field trials could help determine the conditions that maximise the quality and quantity of insecticidal components. This approach, emphasised by Isman and Grieneisen (2014) would help explain variability, while increasing efficacy and uptake of effective pesticidal plants by farmers. Vernodalol V10 # letters in bold after each compound name correspond to the compound number in Table 3 . Table 3 . 
